Biothermochemical investigations are performed on systems made up of purilled biochemical compounds but also on simple model compounds. Calorimetric work on the biological Ievel has, however, its main interest in analytical experiments. Developments and current trends in biothermochemistry are briefly discussed and are illustrated by examples from a few recent studies.
INTRODUCTION
Like many other experimental techniques in the life sciences, calorimetric experiments are performed on different levels: model work, work on purified biochemical compounds and work on very complex or crude systems which have more or less of the biological organization and life functions retained Biothermochemical work concentrates on models and on systems made up from purified biochemical compounds. Biological systems and crude mixtures like homogenates or impure biochemical preparations are poorly defined from a thermodynamic point of view. Calorimetric investigations on such systems will therefore not provide thermodynamic results which can be discussed on a molecular leve1 in the same sense as those determined for purified systems. Among biologically oriented calorimetrists there are at ptesent severa1 groups who do perform thermodynamic experiments with living materials or with poorly defined systems of biological origin. Results from such studies are hardly useful in discussions of molecular properties. 529 but are mainly undertaken to determine energy balances for organisms and ecosystems.
Calorimetric studies on biological systems and on impure biochemical preparations have their main interest as analytical experiments, and they therefore fall outside the scope of the present paper. Such applications are at the present time being developed into important experimental techniques in basic biology as well as in applied areas like the clinical sciences, biotechnology and for environmental research. It is likely that among the future biocalorimetrists, those primarily interested in thermodynamics will form only a small minority.
In the present paper the field of biothermochemistry will be discussed rather generally. Examples of recent work are discussed but no attempt is made to review the field, which recently was done elsewhere 1 • Due to the general thermochemical interest in calorimetric work on biochemical models a particular emphasis has been given to this area.
WORK ON BIOCHEMICAL MODELS
It is rarely an easy task to interpret the thermodynamic values arrived at in a study on a biochemical system even for the case where the system may be considered tobe weil characterized One obvious approach towards a deeper understanding of biothermochemical data is to study biochemical model systems. Within a series of model compounds the structure can be varied systematically and correlations can be made between thermodynamic data and structural features. It may not be possible gradually to increase the complexity of a model with the intention finally to reach the Ievel of an intricate biochemical system. However, at the present time there are still large areas on the most basic modellevel which remain to be covered.
We need data from model studies for discussions of results from bio~ thermochemical work, but, as important, they are needed for the sound formulation and discussion of new theories and hypotheses related to the biochemical systems. In addition., thermochemical sturlies on biochemical models can usually be looked upon as part of the general field of thermochemistry. As such the results will have their full value even if it will turn out that a particular study will not be of any immediate importance for the biochemical field. It is then req uired, however, that the work is done systematically and that the data are determined with adequate accuracy. It is therefore desirable that studies on simple model compounds are made with the highest possible accuracy even if it is not judged to be necessary for the biochemical problem which rnay have been the reason for initiating the model study.
An area of particular importance in current model sturlies is the one dealing with interactions between water and other solvents and solutes, including the thermodynamics of transfer of compounds and groups between different media. Such transfer processes contribute very substantially to the overall thermodynantic picture of most biochemical processes. As a characteristic example we may look upon a simple enzyme-inhibitor reaction (E + I ~ E-I)aq 530 (1) BIOCHEMICAL THERMOCHEMISTRY At the binding process the inhibitor molecule is transferred from bulk water to the active site of the enzyme, which often seems to have the nature of a cleft in the protein molecule. At the binding site more or less specific non-covalent bonds are formed between the protein and the inhibitorandin addition the process may be accompanied by a conformational change ofthe protein. Prior to the reaction the inhibitor molecule is solvated by bulk water and we have reason to believe that the properties ofthe water surrounding the Inhibitor molecule are greatly affected by the properties of the inhibitor. Before the binding reaction the active site of the enzyme may accommodate a certain nurober of water molecules which probably do not have the properties of bulk water. As a result of the binding process we may expect that (part of) the water shell initially surrounding the inhibitor molecule will be transformed to bulk water and that the water molecules in the active site cavity will be expelled and thus transformed to bulk water. In addition a conformational change of the protein may cause a substantial change in the contacts between groups in the protein and the water.
Other typical biochemical processes where medium effects are believed to play a dominant role are protein unfolding processes. F or such processes groups from the interior of the folded protein (not the least, hydrophobic groups) will be brought in contact with the water and as a result the thermodynamic properties of the system will be greatly affected.
Model studies undertaken to give an insight into problems of this sort are from an experimental point of view quite simple. They mainly consist of solution calorimetric work and of determinations of enthalpies of vaporization and heat capacities. Measurements are preferably made on comparatively large samples and are mainly performed in a convenient temperature range. Still, it may be concluded that until recently this type of work has been much neglected and a substantial quantity of theoretical work in the area has been based on very meagre experimental data.
Among recent aqueous solution sturlies we may note work on simple alkyl compounds: carboxylic acids, amines, amides, ethers, alcohols (cf. ref. 1). Work on a nurober of phenyl group compounds has recently been completed 2 -5 and the aqueous solution properties of tetra .. alkylammonium compounds have been given much attention 1 • Important groups of compounds for wbich aqueous solution properties are poorly known include hydrocarbons, thiols and disulphides, organic phosphate~ indoles, imi~ dazoles, purines and pyrimidines. M uch calorimetric work on aqueous solutions of arnino acids and simple peptides remains tobe done, in particular heat capacity determinations.
Quite generally one would wish that these kinds of solution studies were extended to !arger molecules but here solution problems will in many cases soon provide a limiting factor. Further, it would be most valuable if measurements were made bothat low and at high concentrations of the solutes and if possible heat capacity data should be determined for a range of temperatures.
In the thermochemistry of water-solute interactions the main interest is at present focusing on heat capacity data As an example of a recent aqueous solution study the results in Figure 2 are shown, where Cp~ values for straight chain alcohols, carboxylic acids. amines and N -substituted amides are plotted versus number of alkyl carbon atoms It is seen that the CH 2 -increments are large, ca. 90 J K --l mol -\ i.e.
about three times larger than the value for a CH 2 -group in an organic solvent. This type of effect is usually believed to be due to the interaction between hydrophobic groups and water, which phenomenon has been given names like 'water structure formation' or 'iceberg formation'. As a molecular interpretation of the large Cp~ values the solute-water system is currently thought of as a partially structured system which will gradually melt with increasing temperature. 
BIOCHEMICAL THERMOCHEMISTRY STUDIES ON PURIFIED BIOCHEMICAL COMPOUNDS
Binding reactions-Among the biochemical processes given most attention at the present timearedifferent kinds of specific binding and association re .. actions, e.g. enzyme-inhibitor reactions and association reactions between proteins. F or studies of specific binding of low molecular compounds to proteins is an area of particular activity, see, e.g., ref. Figure 3 summarizes results from such a study where the substrate analogaus inhibitor D-hexitol-1,6-diphosphate is bound to rabbit muscle aldolase 7
• It is very striking that AG values are essentially constant over the investigated temperature range whereas enthalpies and entropies show a very marked temperature dependence. The picture illustrates clearly the fact that AG values alone are not well suited for discussions of energystructure relationships in biochemical systems. We further note the streng enthalpy-entropy compensation which is common for biochemical processes. Other experimental variables than the temperature should if possible also be varied, e.g. pH, type and concentration of buffer substance and of salts.
In cases where protons may be released or bound it is very useful to perform the reaction in two buffers with different enthalpy of ionization values, in which cases the number of protons involved per mol of bound inhibitor can be calculated. This procedure naturally requires that tbe buffer substances do not interfere with the binding process.
V nfolding reactions-Another field which at present attracts a great deal of in terest is the one dealing with unfolding reactions of proteins, nucleic acids and Iipid materials. Such processes are induced either chemically or thermally.
In t he former case a solution of the macromolecule is mixed with a denaturant solutionsuch as urea or guanidine hydrochloride or the pH ofthe solutions may be changed, sometimes with a strong denaturant present Such sturlies are usual1y but not necessarily performed in micro-reaction calorimeters. The interpretation of results from such systems may be difficult, not least because of the unknown quantities of denaturant molecules bound to the protein before and after the unfolding process. Thermally ind uced unfolding processes are therefore considered as simpler processes but such sturlies require more sophisticated calorimetric equipment. They are BJOCHEMICAL THERMOCHEMlSTRY perfoFmed as heat capacity measurements in temperature scanning calorimeters ( cf. below ).
ACCURACY AND PRECISION IN BIOTHERMOCHEMICAL WORK
In model compound studies and in work on simple purified biochemical compounds such as amino acids, simple peptides and sugars, etc., precision and accuracy should be kept at the same Ievel as in general thermochemistry.
In experiments with purified but complex biochemical compounds, such as proteins and nucleic acids, it is rarely possible to define the state of the sample to better than a few per cent. These systems are thus poorly defined compared with current standards in generat thermochemistry and it may be meaningless to perform anything but low-precision calorimetric measurements on such systems. In some other cases, however, it is possible to arrange tbe experiments so that the rather poor1y defined sample of tbe biochemical compound serves as an 'internal reference'. One may, e.g., Iet a sample of a biomacromolecule take part in highly specific reactions with a series of welldefined low molecular compounds. In such sturlies the absolute values determined may not be very accurate but it can still be meaningful to make a comparison between precisely determined values within such a series of compounds. Furthermore, such experiments can often be performed as 'titration experiments', which may Iead to thermodynamic values referring to a calorimetrica11y determined purity or activity value for the sample.
In other kinds of experiments it may be necessary to perform the calorimetric measurements on a moderately weil defined system with a very high precision in order to obtain any useful information. Prime examples are provided by heat capacity measurements on biochemical compounds in dilute solutions and by determination of ~Cp values for biochemical processes. Let us as an example consider a one per cent aqueous protein solution (which often is considered as a rather concentrated solution). Tbe heat capacity of the water will amount to about 99.6 per cent of the total heat capacity of the systerrt tbe calorimetric vessel not included. If we want to determine the apparent heat capacity of the protein with a modest accuracy of five per cent it is thus necessary to perform the heat capacity determination with a precision better than 0.02 per cent (which for economic reasons normally must be performed on ml quantities of solution).
As was stressed above it is important to determine ~Cp values for biochemical reactions. These values are normally obtained from reaction calorimetric measurements performed at different temperatures and such determinations always call for precise measurements. Because of a limited temperature stability for the biochemical sample, it is in practice often necessary to work within a limited temperature range which thus will further increase the precision requirements.
CALORIMETERS FOR BIOTHERMOCHEMICAL WORK
Fron1 a survey of the Iiterature published during the last few years 1 it is apparent that the activity in the field of biothermochemistry is rapidly increasing. One major reason for this is undoubtedly associated with the instrumental developments and perhaps in particular with the fact that some of the designs have been made commercially available. Today a large majority of the biothermochemical work reported is produced by use of commercial equipment. In experiments with macromolecules the heat quantity actually measured per mass unit of the compound is usually small. Further, biochemical compounds are often expensive. In reaction calorimetric experiments on biochemical compounds typical sample quantities are in the range of one micromole or less. Corresponding heat evolution is then usually of the order of less than 50 mJ. In steady state processes (flow experiments) the measured heat effects may be in the general range of 50-100 ~W. It is thus clear that 'microcalorimeters' usually have tobe employed in thermochemical work on biochemical systems. Developments in microcalorimetric instrumentation suitable for biochemical work were reviewed elsewhere 18 anrl will only be briefly commented upon here.
Model compound work is normally performed on samples of inexpensive, low molecular compounrls. The measurements have to a very large extent the character of solution experiments and for these sturlies precise 'macro' solution calorimeters are usually the most adequate instruments. F or dilution experiments 'micro flow calorimeters' ought to be very useful but so far few experiments ofthisnature have been reported. Recently an interesting flow microcalorimetric metbad for a direct determination of transfer enthalpies was developed
.
Two major categories of microcalorimeters are in use in biothermocbemistry: reaction calorimeters and temperature scanning (heat capacity) calorimeters. It is noteworthy that it is the interest in biocalorimetric studies which has been the major incentive for recent rlevelopments in microcalorimetry, both in the field of various kinds of reaction calorimeters and in heat capacity instruments.
Reaction calorimeters used are of the batch type or designed for continuous or stopped flow Operations. Most, by far, of the currently userl designs are based on the thermopile conduction principle and the instrurnents are usually of the twin type. Characteristic properties of such calorimeters are a simple design, easiness of operation and high sensitivity, and they are furthermore suitable for sturlies of very slow processes. It should be stressed, however~ that other calorimetric principles are by no means without interest for this field.
As indicated earlier studies of thermal transitions of macromolecules form one of the most active working areas of biothermochemistry, The most successful instruments for such sturlies are of the automatic temperature scanning type utilizing the adiabatic shield principle.
Prestanda for a recent model of this type 19 has been reported as follows :
the calorimetric vessel was charged with 1.3 m1 of 0.1-0.5 per cent protein solution. The temperature scanning rate was 1 K min -l for the temperature interval 20-90°C. The partial specific heat of the protein could be determined with a precision of three per cent. A typical record from such work 19 is shown in Figure 4 . For heat capacity measurements on small solid or liquid samples at fixed temperatures a recent microdrop calorimetric method has been reported 20 . The specific heat for 0.7 m1 of aqueous solution can be determined to 0.01 per cent or better. This ca1orimeter utilizes a twin heat conduction calorimeter as a recei ver.
ON THE NATURE OF CURRENT WORK IN BIOTHERMOCHEMISTRY The field of biothermochemistry has attracted a fair nurober of people who; whilst possessing a thorough biochemical background, Iack previous thermochemical experience. This may have led to publication of reports where the authors have not been fully aware of all the possibilities of systematic errors in calorimetric experiments, or where the documentation of the experimental work does not meet the traditional standard in thermochemistry. But this new group of thermochemists have specific biochemical problems which they wish to tackle by a calorimetric technique and they usuaUy do that in close contact with other kinds of experimental techniques. I believe that it is this kind of close integration between biochemistry and thermochemistry which at present Ieads to the most interesting projects in biothermochemistry. It may then be noted that in such 'problem-oriented' work it is not very often that highly accurate thermodynamic results are needed-more often very precise measurements are required. Many of the most significant results reached do have the character of 'general analytical information' rather than actual nutnbers for the derived thermodynamic quantities.
lt was pointed out earlier that it is difficult to discuss biothermochemical results with the intention to 'explain' the derived values in the same sense as may be possible for systems with simple compounds. In fact it is not very often that any use is made of the absolute nurober of, e.g., an enthalpy change 1 . WADSÖ of a biochemical reaction. Derived data are often discussed in terms of honoured concepts like 'hydrogen bonds', 'hydrophobic . interactions', 'conformational changes' or 'steric effects', etc. However, it seems that many current 'explanations' oftbis type to a large extent are only speculations. They may not be harmful but it would probably be healthier if in general our present limitations were more clearly spelled out. One day we may be able to make a thorough analysis of the determined values but before that much systematic work remains tobe done, not least on the level of model compound investigations.
